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,ýKtinetics of recombinant fluoride-2 variant of human Butyrylcholinesterase (BuChE) is present in almost all tis-
:. tyrylcholinesterase (Glys'" Val) secreted by Chinese sues, with the exception of lymphocytes and placenta. It is

n mster ovary cells were compared to recombinant secreted into plasma by liver cells. Unlike its sister enzyme,
ual and to usual butyrylcholinesterase purified from AChE, no physiological function has yet been assigned toLman plasma. The usual and fluoride-2 variant were BuChE, but the plasma enzyme is of pharmacological impor-

C distinguishable with regard to hydrolysis of ben- tance because it hydrolyzes ester-containing drugs (4). The
ylcholine (K, = S ,M), neutral esters, and at high BCHE gene is known to include at least 10 genetic variants

___ ncentrations of acetylthiocholine, propionylthiocho- (5). Some of the rare alleles encode variants that are unable
ie, and butyrylthiocholine. However, at low sub- to hydrolyze the muscle relaxant succinyldicholine in a short
rate concentrations K,, values for acetylthiocholine time (4, 6). People carrying these variants experience an
Id succinyldithiocholine were 2-6-fold higher for the timeg(4,t6).reople carrying these vari
uoride-2 variant. pH rate profiles revealed small dif- exaggerated response to succinyldicholine. Two of these var-0') rences in pK. that could be attributed to changes I iants are phenotyped by resistance to inhibition by 50 ,M
te active site histidine environment. On the other NaF (7). The fluoride-1 variant results from a point mutation
and, Arrhenius plot analysis of o-nitrophenylbutyrate at nucleotide 728 that changes threonine 243 to methionine.
ydrolysis at pH 7.5 showed no difference in activation The fluoride-2 variant has a point mutation at nucleotide
mergy between fuoride-2 and usual butyrylcholines- 1169 which changes glycine 390 to valine (8). Fluoride-2 is
wrases. Both exhibited an anomalous temperature de- more frequent than fluoride-1 (8). The incidence of the homo-

) pendence with a wavelike change in activation energy zygous fluoride phenotype in Caucasians is approximately I
around 18 *C. Affinity of the fluoride-2 variant for out of 150,000 (6). The scarcity of the homozygous fluoride
sodium fluoride, tacrine, dibucaine, amodiaquin, and variant has made it difficult to study this variant, and almost
succinyldicholine was lower than for usual enzyme. nothing is known about the effects of the mutation on the
Apparent K, for succinyldicholine was 125 ,M for the properties of the enzyme.
fluoride-2 variant and 20 lM for the usual enzyme. To understand the effect of the Glyu° to Val point mutation
Organophosphate inhibition showed equivalent reac- on the activity of BuChE, we expressed the fluoride-2 BCHE
tivity, indicating that the point mutation altered only gene and the wild-type (usual) BCHE gene in CHO cells. The
the binding properties of the variant. Thus, K. and K, present work compares the kinetic properties of recombinant
changes explain the succinyldicholine sensitivity of fluoride-2 BuChE with recombinant usual BuChE and with
people carrying the fluoride-2 variant, purified usual plasma BuChE.

MATERIALS AND METHODS

Purified Human Plasma BuChE-Human plasma BuChE was
The synthesis of human butyrylcholine esterase (EC purified to 90% purity in two steps (4). The enzyme was assayed

3.1.1.8) is directed by a single gene, named BCHE' (1-3). according to Kalow and Lindsay (9) in 0.067 m Na/K phosphate
buffer, pH 7.4, at 25 "C with 50 lM benzoylcholine chloride (Sigma)

* This work was supported by grants from the United States Army as the substrate. Benzoylcholine hydrolysis was followed by monitor-
Medical Research and Development Command DAMD17-91-Z-1003 ing decrease in absorbance at 240 nm (.1* = 6700 M' cm-'). The
(to 0. L), La Direction des Recherches, Etudes et Techniques DRET specific activity of the preparation was 180 units/mg protein (1 unit
91/1044 J (to P. M), American Cancer Society Grants SIG-16A and - 1 pamol of benzoylcholine hydrolyzed/min). The enzyme had the
IRG-165E, and National Cancer Institute Grant P30 CA 36727 (to "usual" phenotype.
The Eppley Institute). The costs of publication of this article were CHO Cell Line Secreting Fluoride-2 Variant of Human Butyryl-
defrayed in part by the payment of page charges. This article must cholinesterase-Human cDNA encoding a 28-amino-acid signal pep-
therefore be hereby marked "advertisement" in accordance with 18 tide and 574 amino acids of the mature BuChE enzyme was cloned
U.S.C. Section 1734 solely to indicate this fact. into the pD5 expression vector where expression is controlled by the

"" To whom correspondence should be addressed: Eppley Institute, adenovirus major late promoter (10). This cDNA had a substitution
University of Nebraska Medical Center, 600 5. 42nd St., Omaha, NE which changed GlyN (GGT) to Val (GTT), the mutation responsible
68198-6805. Tel.: 402-559-6032; Fax: 402-559-4651. for the fluoride-2 variant (8). The mutation was present in cDNA

'The abbreviations used are: BCHE, butyrylcholinesterase gene; isolated from a human brain library (11) and therefore shows that
AChE, acetylcholinesterase enzyme; BuChE, butyrylcholinesterase the donor was a carrier of the fluoride-2 mutation BCHE'390V. A
enzyme; CHO, Chinese hamster ovary cells; FF, homozygous fluoride- stable cell line expressing human BuChE was created by cotransfect-
2 butyrylcholinesterase enzyme; iso-OMPA, tetraisopropylpyrophos- ing pD5-BCHE and pD5-dihydrofolate reductase into CHO cells
phoramide; UU, homozygous usual butyrylcholinesterase enzyme; 3- doubly deficient for dihydrofolate reductase. The deficient CHO cells,
D, three-dimensional. DG44, were kindly provided by L A. Chasin (12). The BCHE and
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dihydrofolate reductase genes became amplified approximately 100- pared in methanol; the methanol concentration in each reaction
fold in response to increasing doses of methotrexate. The stable cell cuvette was maintained at 5.3%. Stock solutions of a-naphthylacetate
line was maintained under selective pressure by growing cells in and a-naphthylbutyrate were prepared in ethanol; the ethanol con-
minimum essential medium-a, with L-glutamine, without ribonucle- centration in each reaction cuvette was maintained at 3.33%.
osides and deoxyribonucleosides (GIBCO Catalog No. 320-2561AJ) K,. and V. Determinations-Kinetic data were plotted using the
containing 10% dialyzed fetal calf serum. BuChE was collected into Lineweaver-Burk double-reciprocal plot. The enzymes had either
serum-free medium, CHO-S-FM (GIBCO 320-2050AJ) because it has Michaelian or nonMichaelian behavior depending on the nature of
only 0.4% of the bovine AChE present in fetal calf serum. The the substrate. For Michaelian behavior, K, and V_, were determined
benzoylcholine activity of secreted rBuChE fluoride-2 variant was by nonlinear regression of the Michaelis-Menten equation using the
0.04 units/ml. Enzfitter kinetic calculation program (Biosoft, Cambridge, UK). For .4

CHO Cell Line Secreting Usual Human Butyrylcholinesterase-The nonMichaelian behavior (curvatures in the Lineweaver-Burk plots),
cDNA sequence of human BCHE was modified by site-directed mu- the apparent K,. and V,_,, were estimated graphically from the linear
tagenesis to give the optimal start site context as identified by Kozak sections of the curves.
(13). The optimal start site sequence is GCCACCATGG where ATG Temperature Dependence of o-Nitrophenylbutyrate Hydrolysis
is the translation initiation codon. Two BglII restriction sites were Rate-The temperature dependence of BuChE-catalyzed hydrolysis
introduced at the 5' and 3' ends of the coding sequence to have the of o-nitrophenyl butyrate (0.8 mM in 0.067 M phosphate buffer, pH
shortest possible cDNA free of extraneous sequences that might 7.5, containing 5.3% methanol) was determined at various tempera-
interfere with translation efficiency. The BamHI site at Glys was tures from 10 to 50 *C. The reaction rate (k) was measured at intervals
removed. After site-directed mutagenesis, the BCHE gene was com- of 1-2 *C. We operated at nearly saturating substrate concentration,
pletely resequenced to ensure the absence of unwanted mutations, at 0.8 mM which is four times higher than K.. Observed reaction
The 1.8-kilobase BCHE gene was cloned into plasmid pRcCMV rates were corrected for spontaneous substrate hydrolysis. Arrhenius
(Invitrogen) where expression is controlled by the cytomegalovirus plots were obtained by plotting In k against lT, where T is the
promoter. Ten ug pRcCMV-BCHE was transfected into CHO DG44 absolute temperature. The experimental activation energies E were
cells by calcium phosphate coprecipitation. Cells resistant to 0.8 mg/ calculated from the slopes of the linear portions of the plots by linear
ml geneticin (GIBCO 860-1811 II) were selected over a 3-week period, regression analysis.
Clonal cell lines were created by diluting resistant cells into 96-well Reversible Inhibition-Inhibition by NaF was performed in 0.067
plates at less than 1 cell/well. Cells secreting the highest level of M phosphate, pH 7.0 and 8.0, at 25 'C with benzoylcholine as the
BuChE activity, as measured with benzoylcholine, were expanded substrate. Inhibition by succinyldicholine chloride (Sigma), tacrine
into T75 flasks. Cells were grown to 90% confluence in a T75 flask (tetrahydroaminoacridine), dibucaine, and amodiaquin was carried
in the presence of complete medium containing 10% fetal calf serum. out in 0.067 M phospha,e. pH 7.5, at 25 'C with o-nitrophenylacetate
Culture medium was replaced with CHO-S-FM containing 0.8 mg/ as the substrate (all compounds were from Sigma). Inhibition by
ml geneticin for the purpose of collecting BuChE into serum-free amodiaquin was also carried out at pH 7.0 with butyrylthiocholine
medium. Cells were continuously cultured in CHO-S-FM for 3 iodide as the substrate. Types of inhibition and apparent inhibition
months. The secreted rBuChE reached an activity of 0.5 units/ml constants were determined from Lineweaver-Burk plots and Dixon
which is nearly the activity in human plasma. plots (17) by plotting the reciprocal of velocity [v-1 ] against inhibitor

Activity Versus pH-The pH dependence of enzyme activity (kb,.) concentration [I]. Inhibition constants for nonlinear inhibition were
was investigated at 25 and 41 'C in 0.067 M potassium phosphate calculated from replots of the reciprocals of slopes and intercepts of
buffer in the pH range 5.5 to 8.98. Various ratios of 0.067 M KJ1 2PO, the Lineweaver-Burk plots against the reciprocal of inhibitor concen-
and 0.067 M K2HPO4 were mixed to get buffers that varied in pH but tration (17).
had the same concentration. Activity was measured with 50 AM Progressive Inhibition-Progressive inhibition by eserine (0.5, 1,
benzoylcholine, a concentration 10 times the K. value determined at 10 AM) was conducted in 0.1 M phosphate, pH 7.0, at 25 'C. Residual
pH 7.4, 25 'C. activity was measured in 0.067 M phosphate, pH 7.5, with o-nitro-

In parallel, the pH dependence of enzyme inhibition by 50 ,MM NaF phenylacetate (0.8 mM) as substrate. Progressive inhibition by te-
was measured in the same pH range in the presence of 50 uM traisopropylpyrophosphoramide (iso-OMPA) was either performed as
benzoylcholine. The substrate and inhibitor concentrations were cho- above or after 1 h of incubation of BuChE in 0.1 M phosphate, pH
sen on the basis of differential inhibition of usual and "fluoride- 7.0, containing 5 mM EDTA as an inhibitor of metal proteases and
resistant" BuChE phenotypes: with these concentrations, the differ- organophosphate hydrolase. The iso-OMPA concentrations ranged
ence between the percentage inhibition by sodium fluoride of usual from 10 to 200 uM. Residual activity was measured by Ellman's
and fluoride BuChE is maximum (7, 14). method (15) with butyrylthiocholine iodide (1 mM) as substrate.

The pH rate profile for kw, of BuChE-catalyzed hydrolysis of Inhibition by eserine or iso-OMPA (I) results in carbamylation or
benzoylcholine was interpreted according to the simplest model which phosphorylation of the enzyme active site serine (E) according to
assumes that H÷ acts as an uncompetitive inhibitor, i.e. the proton- Scheme I:
ated form of the enzyme is completely unreactive. k, 2 k3

".=k .,.K. E + I =t E -I El' ---* E
k , = Ka + [H+1 (Eq. 1) k_. H20

In Equation I, . is the maximum value of k" at high pH, and SCHEME I

K, is the ionization constant of an amino acid side chain whose where K, = k-1/k, is the dissociation constant of the enzyme-inhibitor
deprotonated form takes part in catalysis. complex and k2 the rate constant of carbamylation or phosphoryla-

Apparent pKi values were computer-calculated by nonlinear regres- tion. The rate constant of hydrolysis, k3, is very slow. Assuming that
sion fitting of the experimental data to Equation 1. We used the the enzyme is irreversibly inhibited under the conditions of the
GraFit (version 1.0) pH GFE curve fitting program (Erithacus Soft- experiments, the activity (ejeo) decreases with time (t) as follows,
ware Ltd, United Kingdom, 1989).

Kinetics of Substrate Hydrolysis-Kinetic analyses were performed = et (Eq. 2)
in 0.067 m phosphate buffer, pH 7.0, 7.5, or 8.0 at 25 'C. Hydrolysis e.
of acetylthiocholine iodide, propionylthiocholine iodide, butyryl-
thiocholine iodide, and succinyidithiocholine iodide (Molecular where k, is the apparent inhibition rate constant.
Probes Inc., Eugene, OR) was followed at 420 nm using the method Since HI] >> e. and assuming that the rapid equilibrium condition,
of Ellman et al. (15). Substrate concentrations ranged from 0.006 to k2 << k-1, holds (18), the apparent rate of inactivation can be written
3 mM. Hydrolysis of benzoylcholine was followed by recording the as:
decrease in absorbance at 240 nm. Hydrolysis of o-nitrophenylacetate k(
and o-nitrophenylbutyrate was followed by monitoring the rate of (Eq. 3)
appearance of o-nitrophenol at 410 nm (e - 3190 M-' cm-'). Hydrol- K.
ysis of a-naphthylacetate and a-naphthylbutyrate was measured by +[I]
the method of Zapf and Coghlan (16) by recording the increase in
absorbance at 321 nm (a-naphthol, f - 2220 M' cm-). Stock solu- The value of the inactivation rate constant (W,) was determined for
tions of o-nitrophenylacetate and o-nitrophenylbutyrate were pre- each inhibitor concentration by weighted exponential regression of
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Equation 2. Then k2 and K, were determined by weighted nonlinear Hydrolysis of thiocholine esters was the most complex.
regression fitting of Equation 3 using the Enzfitter program. Usual and fluoride-2 BuChE both deviated from the simple

Molecular Modeling-Three-dimensional models of wild-type and Michaelis-Menten model when the substrates were thiocho-
the fluoride-2 variant of human BuChE were built from the 3-D
coordinates of Torpedo californica AChE (19) by molecular replace- line esters. For example, Fig. 1 shows biphasic kinetics for the
ment and energy minimization using the molecular modeling package hydrolysis of butyrylthiocholine. It has been known for many
TURBO-FRODO 4.0 (20) and the refinement program X-PLOR 3.0 years (40) that these biphasic kinetics reflect activation at
(21). Analysis of 3-D models was carried out on a Silicon Graphics high substrate concentration. A least two mechanistic models
31OGTX workstation. can account for this activation: the first one assumes binding

3-D structures of succinyldicholine (22) and dibucaine (23) were
obtained from the Cambridge Structural Database (24, 25). The 3-D of an additional substrate molecule to the acyl-enzyme inter-
structure of o-nitrophenylacetate was built from the 3-D structure of mediate (41); the second hypothesizes the existence of a
p-nitrophenylacetate (26) which is in the Cambridge Structural Da- peripheral regulatory binding site for charged ligands or sub-
tabase. Topology and energy parameters of these compounds were strates (42). Lineweaver-Burk plots allowed us to estimate
computed from Cambridge Structural Database data and by using the apparent K, values for high and low substrate concentrations
X-PLOR "prolsq.pro" file. This file allowed optimization of substrate (Table 11). At high substrate concentration the K. 2 Values for
and ligand geometry in the BuChE active site. Structures of substrate ac lthiochine pro thiconent butio ylthiocholies
and ligand BuChE complexes were refined using the X-PLOR pro- acetylthiocholine, propionylthiocholine, butyrylthiocholine,
gram after inspection of substrate and ligand noncovalent bonds with and succinyldithiocholine were practically the same for both
BuChE and generation of the BuChE accessibility surface. The usual and fluoride-2 BuChE. On the other hand, at low
solvent-accessible molecular surface was represented as a smooth substrate concentration, the ratio of K,, values showed that
continuous lattice of points using Connolly's program MS (27). All affinity of fluoride-2 BuChE for acetylthiocholine and succi-
these refinements were carried out by molecular dynamics at 300 K nyldithiocholine esters was two to three times 1ower *-an that
and conjugate gradient method with a convergence criterion of 1 . n
kcal/niol/A. of usual BuChE. A more refined description of the kinetics of

acetylthiocholine, propionylthiocholine, and butyrylthiocho-
RESULTS line hydrolysis was possible using the general mathematical

Kinetics of Substrate Hydrolysis-Hydrolysis of neutral es- expression proposed for the two above-mentioned models (42):

ters followed Michaelis-Menten kinetics, giving a linear re- V,[S] + V,,,'

lationship between the reciprocal of activity and the reciprocal V K2  (E' 5)
of ester concentration for both fluoride-2 and usual BuChE. [S]2

Table I shows that fluoride-2 BuChE (rFF) had a slightly K, + [S] + $

lower affinity for neutral substrates, with K. at most 1.5 times K2

higher for fluoride-2 BuChE than for usual BuChE. where V.' = a V. with a > 1. Equation 5 was used to calculate
Hydrolysis of charged esters was more complex, with ben- Y,,, V,', Kh, and K2 in Table III. A comparison of K,, and

zoylcholine giving the simplest kinetics. The kinetics of hy- K.,2 in Table II with K, and K2. in Table III shows that values
drolysis of benzoylcholine were Michaelian, but as previously for K,, are very close to values for K,, and values for K,,2 are
shown, usual BuChE displayed substrate inhibition at ben- very close to values for K2. Thus, the graphic analysis to
zoylcholine concentrations greater than 50 MM when assayed calculate K.n1 and K, 2 in Table II yielded similar results as
at pH 7.0 (34, 35). The substrate inhibition constant K,, was the computer analysis to calculate K1 and K 2 in Table III. In
determined according to the Haldane equation: Table III the Ki and K2 ratios decrease in parallel as the size

of the acid moiety of the substrates increases. The conclusion
V K. (Eq. 4) from the data in Tables II and III is that there are no major

+ + [S- kinetic differences between usual BuChE and fluoride-2
(81 + -+BuChE. The point mutation in the fluoride-2 variant does

K. was found to be 500,MM at pH 7.0 and at pH 8.0 for both not change the mechanism of hydrolysis of thiocholine esters.
recombinant usual and purified usual plasma BuChE. No The K. values for succinyldithiocholine for usual and flu-
substrate inhibition was observed for fluoride-2 BuChE except oride-2 BuChE are of special interest because of the clinical
at pH 8.0 in the presence of 0.05-2 mM NaF. Usual and problems associated with use of succinyldicholine in people
fluoride-2 BuChE had nearly the same affinity for benzoyl- who have the fluoride-2 variant. Table II shows that the K,1
choline, both having K. values of approximately 5 pM (Table values for fluoride-2 BuChE are 3.5- and 1.6-fold higher than
II). for usual BuChE at pH 7.0 and 8.0, respectively. It is reason-

TABLE I

K, values for neutral substrates of purified BuChE from human plasma (UU), recombinant fluoride-2 BuChE (rFF), and recombinant usual
BuChE (rUU)

K,
Substrate Comment

pH' UU rFF ratio rUU

mM

o-Nitrophenylacetate 7.5 0.48 ± 0.16 0.45 ± 0.19 1 0.38 ± 0.01 In the presence of
5.3% methanol

o-Nitrophenylbutyrate 7.5 0.125 ± 0.02b 0.185 ± 0.03 1.5
a-Naphthylacetate 7.0 0.341 0.41 1.2 In the presence of

3.33% ethanol
a-Naphthylbutyrate 7.0 0.044 0.068 1.5

0.067 M phosphate, 25 *C.
& Literature values for K, for o-nitrophenylbutyrate: 0.14 mM in 0.067 M phosphate, pH 7.4 (28, 29); 0.19 mM in 50 mM phosphate, pH 7.6

(30); 0.14 mM in 50 mM phosphate, pH 7.6, 25 "C (31); 0.33 mm in 0.1 M Tris-Ci, pH 7.4, 25 *C (33).
'Literature values for K,. for a-naphthylacetate: 0.76 mm in 50 mM Tris-Cl, pH 7.4, 37 °C (32); 1.0 mM in 0.1 m Trih-Cl, pH 7.4, 25 *C

(33).
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TABLE II
Kinetic parameters for positively charged substrates of purified BuChE from human plasma (UU), recombinant usual BuChE (rUU), and

recombinant fluoride-2 BuChE (rFF)
Non-Michaelian behavior

Michaelian behavior K.
Substrate PH, K. 1, low IS] K.a, high IS)

UU rUU rFF UU rUU rFF UU rUU rFF

mM

Benzoylcholine 7 0.0044" 0.0069 0.0075
±0.0007 ±0.0044

Benzoylcholine 8 0.0041b 0.0034 0.0052
±0.0006 ±0.0012

Acetylthiocholine 7 0.049' 0.019 0.091 0.49 0.29 0.49
±0.007 ±0.047 ±0.24 ±0.23

Propionylthiocholine 7 0.024 0.022 0.029 0.42 0.22 0.31
±0.007 ±0.03 ±0.12

Butyrylthiocholine 7 0 .0 2 3d 0.022 0.027 0 .2 6 d 0.19 0.16
±0.014 ±0.004 ±0.001 ±0.01

Succinyldithiocholine 7 0.00201 0.0020 0.0069 3.83 4.65 4.39
±0.23 ±0.55

Succinyldithiocholine 8 0.0019' 0.0020 0.0033 2.08 1.53 2.13
±0.58 ±0.51

"0.067 M phosphate, 25 'C.
'Literature values for K. for benzoylcholine: 0.005 mm in 0.067 M phosphate, pH 7.4, 25 "C (34); 0.004 mM in 0.067 M phosphate, pH 7.4,

25 "C (4, 35); 0.0034 mM in 50 mM phosphate, pH 7.2, 30 "C (36).
'Literature values for K, for acetylthiocholine: 0.043 and 0.29 mM in 50 mM Tris-Cl, pH 7.4, 30 °C (37)." Literature values for K,. for butyrylthiocholine: 0.055 and 2.0 mM in 0.1 M MOPS/KOH, pH 7.0, 30 °C (38); 0.018 and 0.24 mm in 50 mM

Tris-Cl, pH 7.4, 30 °C (37); 0.024 mM in 50 mm phosphate, pH 7.2, 30 °C (36).
'Literature values for K,, for succinyldithiocholine: 0.0034 mm in 50 mM Tris-CI, pH 7.4, 30 °C (37); 0.032 mM in 50 mM Tris-Cl, pH 7.4,

30 °C (37, 39).

a change in the immediate environment of histidine to a more
0.06- recombinant FF hydrophobic environment, thus tending to destabilize the

o imidazole ring. The histidine measured by these p/. and AH

values was assumed to be the histidine in the catalytic triad,
p.a4- His4", by analogy with Torpedo AChE (19, 43, 44).

Splasm U Temperature Dependence of the Hydrolysis of o-Nitrophen-
S0.02ylbutyrate-The temperature-dependence of BuChE-cata-S0.02 lyzed hydrolysis of o-nitrophenyl butyrate at v = approximate

V> .. , measured at o-nitrophenylbutyrate concentration about
__________ _ 5-fold higher than K., is identical for the usual enzyme

0 20 40 (plasma or recombinant) and fluoride-2 BuChE. As shown in
Butyrylthiochollns (Wl) Fig. 3, the Arrhenius plot is nonlinear and exhibits a wavelike

FiG. 1. Lineweaver-Burk plot for BuChE-catalyzed by- discontinuity at 18 'C. In an earlier experiment with usual
drolyuW of butyrylthiochoHne. Activity was measured in 0.1 M BuChE, a clear break in the Arrhenius plot was observed at
phosphate buffer, pH 7.0, at 25 *C. Velocity is expressed as the
reciprocal (V-') of the change in absorbance at 420 nm/min recom- 21 "C in the presence of 0.5% methanol (29). This was as-

binant fluoride-2 BuChE, FF (A); purified usual plasma BuChE, UU cribed to a temperature-induced conformational change. In
(0). At high substrate concentration, K., - 0.25 mM for both recom- Fig. 3 the wavelike break may be interpreted as the coexist-
binant FF and plasma UU. ence of two active conformations in equilibrium in a narrow

temperature interval around 18 *C. A break at 18 *C rather
able to propose that a 2-3-fold difference in Km explains the than at 21 0C is due to the higher methanol concentration of
succinyldicholine sensitivity of people carrying the fluoride 5.3%. The activation energy (Ea) required for substrate hy-
variant. drolysis is different on both sides of the discontinuity but

pH Dependence of the Hydrolysis of Benzoykholine-The there is no significant difference between the three enzymes.
effect of pH upon enzyme activity near V,.. was investigated In the temperature range 10-17 0C, Ea is 71.8 ± 9.4 kJ mo[-';
at pH values ranging from 5.5 to 8.98 and at two temperatures, between 18 and 38 °C it is 44.8 ± 4.5 kJ mol-'. Beyond 38 "C
25 and 41 °C (Fig. 2). Experimental data were fitted to Equa- the activity of the recombinant usual enzyme drops rapidly.
tion 1 for determination of apparent pK&. The observed pK. The heat sensitivity of this enzyme is due to proteolytic nicks.
values of 7.26 for usual BuChE and 7.03 for recombinant The fact that the three enzymes exhibit the same temperature
fluoride-2 BuChE at 25 °C are in agreement with the known dependence indicates that their posttranslational modifica-
pK1 of the histidine ring. tions (glycosylation and proteolytic nicks) do not affect the

The apparent enthalpy of ionization, AH, was calculated catalytic step. Moreover, it appears that the G390V mutation
from pK& values at 25 and 41 0C using the Van't Hoff equation, has no effect on the activation step that precedes enzyme
by assuming a linear temperature dependence of p&,. The AH acylation by o-nitrophenylbutyrate.
value for usual BuChE was 27.9 kJ molt', a value consistent Inhibition by Sodium Fluoride-The effect of sodium fluo-
with AM for ionization of histidine, which is known to have ride (50 pM) upon the pH dependence of benzoylcholine
AM values of 28-31 kJ molt'. The AH value for fluoride-2 hydrolysis was examined. NaF shifted the pH activity curve
BuChE was significantly lower, 15.6 kJ mol-', and may reflect in opposite directions for UU and rFF (Fig. 2, panda I and
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TABLE III

Kinetic parameters of purified usual (UU) plasma BuChE and recombinant fluoride-2 BuChE (rFF) calculated by nonlinear regression using
equation 5

Substrate PH- ________________ K, K2

V., V'. K, K2 V. V'. K, K2 ratio ratio

Acetylthiocholine 7.0 19.2 51.9 0.033 0.62 11.3 26.8 0.072 1.21 2.2 1.9

Propionylthiocholine 7.0 34.8 77.5 0.024 0.41 8.8 67.3 0.027 0.63 1.1 1.5

Butyrylthiocholine 7.0 42.9 213.7 0.014 0.21 13.5 65.6 0.011 0.23 0.8 1.1

"0.067 M phosphate, 25 *C.
'Velocity unit is 4LA4,2o,/min X 10'.
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FIG. 2. pH rate profiles for a. of BuChE-catalyzed hydrolysis of benzoyleholine at 25 and 41 *C. Panel 1, purified usual

plasma BuChE, UU, at 25 'C (n); panel 2, recombinant fluoride-2 BuChE, rFF, at 25 'C (l); panel 3, purified usual plasma BuChE, UU, at
41 "C (@); panel 4, recombinant fluoride-2 BuChE, rFF, at 41 'C (0). Solid lines are in the absence of inhibitor, dashed lines are in the
presence of 50 #m NaF. ha. was measured with 50 pM benzoylcholine in 0.067 M potassium phosphate buffer, pH 5.5-8.98, and is expressed
as change in absorbance at, 240 nm/min. Apparent pK. values are: 7.26 ± 0.06 for UU at 25 "C, 7.05 ± 0.09 for UU at 41 'C, 7.03 ± 0.03 for
rFF at 25 'C, 6.89 ± 0.11 for rFF at 41 "C. Apparent enthalpy of ionization values are: A/f = 27.9 kJ mol-' for usual BuChE, Al/ff 15.6 kJ
mol-' for recombinant fluoride-2 BuChE.

2). At 25 'C the apparent pK. for UU shifted slightly to a maximally inhibited by sodium fluoride at pH 8.0, whereas
lower pH (pK. = 7.12 ± 0.10), whereas the apparent p/4 for fluoride-2 BuChE was maximally inhibited at pH 7.5, a dif-
rFF shifted to a higher pH (pKAT = 7.24 ± 0.06). At 41 °C (Fig. ference of 0.5 pH units. At 41 °C usual BuChE was maximally
2, panels 3 and 4), the apparent pK, for UU shifted slightly inhibited at pH 8.0, whereas fluoride-2 BuChE was maximally
to a lower pH (pKa - 6.89 ± 0.11), whereas the apparent pKo inhibited at pH 7.0, a difference of 1.0 pH units. For both
for rFF did not shift. Using acetylcholine, rather than ben- usual and fluoride-2 BuChE percent inhibition by NaF was
zoylcholine, and 5 mm NaF rather than 0.05 mM NaF, Heil- far greater at 25 than at 41 °C, confirming that inhibition by
bronn (45) as well as Brestkin and Fruentova (46) got results NaF is temperature sensitive (6, 7). At 25 'C and pH 7.4, the
for usual BuChE that were the opposite of our results for UU inhibition percentage (fluoride number) of the fluoride-2 re-
in Fig. 2, panel 1. Heilbronn (45) found that in the presence combinant enzyme was identical to the value (36%) given by
of 5 mm NaF the pH activity curve was displaced toward a the fluoride-resistant homozygote plasma enzyme (6). The
higher pH. This indicates a substrate-dependent kinetic be- inhibition percentage (fluoride number) of usual BuChE in
havior of BuChE. Fig. 3 is 67%, a value similar to the average value of 60 for

As shown in Fig. 4, pH inhibition profiles differed widely usual plasma BuChE (6).
for usua and fluoride-2 BuChE. At 25 ' usual BuChE was Dixon plots for the inhibition of benzoylcholine hydrolysis
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at pH 7.0 suggested that at low benzoylcholine concentration mechanism. At NaF concentrations higher than 75 AM the
inhibition of fluoride-2 BuChE by sodium fluoride is uncom- traces differ, with the rFF enzyme showing a more shallow
petitive with apparent Ki , 0.3 mM (Fig. 5, panel 1). However, slope than the UU enzyme. This behavior is consistent with
at 25 juM benzoylcholine there was a deviation from simple the switch point in the cooperative mechanism occurring at a
uncompetitive inhibition in a fashion suggestive of a negative higher fluoride concentration for the rFF enzyme. A weaker
cooperative interaction similar to that seen by Page et al. (35) interaction between rFF and fluoride ion is also seen in the
for usual BuChE. Page et al. (35) found that the binding of ubenzoylcholine is enhanced in the presence of fluoride ion uncompetitive K values of 0.3 m4 for rFF and 0.09 mM for
with a cooperativity factor of 30. The inhibition mechanism UU. Fig. 5 (panels 3 and 4) shows that at pH 8.0, both usual
of usual BuChE also appeared to be uncompetitive (apparent and fluoride-2 BuChE exhibited substrate inhibition in the
K, = 0.09 mM) at low substrate concentration ([SI -< 10 NM), presence of NaF. At pH 8.0 inhibition was partially uncom-
but the mechanism again changed at 25 uM benzoylcholine petitive at low substrate concentration, but there was a syn-
(Fig. 5, panel 2) in a manner indicative of cooperativity in the ergistic effect between benzoylcholine and fluoride ion at high
binding of fluoride ion and benzoylcholine, as expected for substrate concentration that amplified the inhibition. Due to
usual BuChE (35). Inspection of the 25 ,M traces in panels I the strong cooperativity in mutual binding of fluoride ion and
and 2 of Fig. 5 showed that the rates up to 75 uM NaF are benzoylcholine, Dixon plots were abnormal and could not lead
slower than would be expected for a simple uncompetitive to K, estimation; nevertheless, they suggested that usual and

fluoride-2 BuChE displayed a similar degree of cooperativity.
Although inhibition by sodium fluoride has been known for

39'C many years (45), its mechanism has not yet been resolved and
4' remains disconcerting.

Reversible Inhibition by Positively Charged Ligands-Inhi-
4 bition of o-nitrophenylacetate hydrolysis by dibucaine, tac-

ia"c rine, succinyldicholine, and amodiaquin was nonlinear for
both usual and fluoride-2 BuChE, i.e. Dixon plots of v-' versus
[11 were downwardly curved, as shown for dibucaine in Fig. 6.
This means that high inhibitor concentrations did not drive

A, I the reaction rate to zero. Apparent inhibition constants at
low inhibitor concentration were estimated from Dixon plots

2 ,_____ ,___ ,_______ and are given in Table IV. Fluoride-2 BuChE was less inhib-
3.0 3.1 3.2 3.3 3.4 3.5 ited by these compounds than usual BuChE by a factor of

T-' Io3 K-A 2.7-6.2 as shown by K, ratios. Due to the strong deviation
FIG. 3. Arrhenius plots for BuChE-catalyzed hydrolysis of from linearity of these plots at high [I], neither the type of

o-nitrophenylbutyrate. Hydrolysis of 0.8 mM o-nitrophenylbutyr- inhibition nor actual K, could be simply determined. Partial
ate in 0.067 M phosphate, pH 7.5, containing 5.3% methanol was nonlinear inhibition indicates that both ES and ternary com-
measured at I to 2 degree temperature intervals. U, purified usual plexes ESI yield products. Nonlinear reversible inhibition
plasma BuChE; A, recombinant usual BuChE; 0, recombinant fluo-
ride-2 BuChE. In the temperature range 10-17 °C, activation energy m,,y be depicted by the following minimum reaction scheme
is 71.8 ± 9.4 kJ mol-'; between 18 and 38 °C it is 44.8 ± 4.5 kJ mol. II.

100 . 1,0 0

25 0  41 0C

30 -0

-0
so - 60

60

aplasma UU

40 40
Ca
-r

20 -. 20

0
0 0* "1 4 .........I

s 7 8 9 s 6 7 a 9
pH pH

FIG. 4. pH profile of inhibition by sodium fluoride. Activity was measured with 50 pM benzoylcholine in the presence of 50 ;M NaF
at 25 and 41 'C. Points were obtained from the data in Fig. 2. Purified usual plasma BuChE, UU (*); recombinant fluoride-2 BuChE, FF
(0).
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FIG. 5. Dixon plots for inhibition by lNaF of BuChE-catalyzed hydrolysis of benzoyleholine. Benzoylcholine concentrations were
5 pM (0, 0), 10 pM (A, A), 25 pM (0, U). In paneLs I and 2 the buffer was 0.067 M potassium phosphate, pH 7.0, at 25 *C. In paneLs 3 and 4
the buffer was 0.067 M potassium phosphate, pH 8.0, at 25 *C. Recombinant fluoride-2 BuChE, rFF, was used in panels I and 3. Purified
plasma usual BuChE, UU, was used in panels 2 and 4. At low benzoylcholine concentration, uncompetitive K, = 0.3 mM for rFF and
uncompetitive Kj = 0.09 mM for UU.

Ks  k. When a>1 and 0<P<I the reciprocal form of this equation
E + S ES -- E + P gives a nonlinear plot as shown in Fig. 7. Inhibition constants
+ + and coefficients a and f were determined for dibucaine from
I I secondary replots of 1/Aslope and 1/Aintercept versus 1/[I],I U Uwhere Aslope and Aintercept are the change in slope and in y

K, 15 intercept of the reciprocal of Equation 6, ie. 1/v versus 1/[S]
El + S ESI --- El +P plots at different fixed inhibitor concentrations. This analysis

aKs OA€t showed nonlinear mixed inhibition of BuChE by dibucaine.
SCHEME II The values of K, were calculated to be 0.6 pM (a = 5.0, 0 =

0.5) for the purified plasma usual enzyme, 0.45 AM (a = 4.0,
K, and K, are the dissociation constants of enzyme-substrate f= = 0.44) for the recombinant usual enzyme, and 12.5 jIM (a
and enzyme-inhibitor complexes, respectively. According to = 1.6, f = 0.7) for the recombinant fluoride variant. Since
this scheme, in the absence of inhibitor, Km and V,.. represent a,,> a•, the competitive inhibition component is higher for
apparent values of K. and k,.tEo. In the presence of inhibitor, the usual enzyme than for the fluoride-2 variant; inhibition
ES and ESI are productive. The general velocity equation of fluoride-2 BuChE is nearly nonlinear noncompetitive. The
derived from rapid equilibrium assumptions (Ref. 17, p. 179) fact that the $ inhibition coefficients for the two enzymes are

is: of the same order of magnitude indicates that the ternary
complexes ESI of both enzymes release product with a similar

V.. efficiency. This suggests that mutation G390V does not affect
the covalent steps of enzyme catalysis. On the other hand,

v(1 + + Li,] (Eq. 6) the actual affinity of the fluoride variant for dibucaine, which
S+ , + K. K is 21-fold lower than that of the usual enzyme, confirms that

( •KIl ( 1j8J 0 ) the point mutation G390V strongly altered the binding of
5 K1 +K, charged liganda to the enzyme active site gorge.
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Inhibition of butyrylthiocholine hydrolysis by amodiaquin
V rF F was linear for both variants (Table IV). Thus, with the neutral

-. -- ester, o-nitrophenylacetate, inhibition was nonlinear, but with
the positively charged ester, butyrylthiocholine, inhibition by

4- amodiaquin was linear. Substrate-dependent inhibition ki-
netic behavior has been observed for horse serum BuChE (41,
49, 50) and for AChE (55). The present data, showing that
cationic ligands produced a partial nonlinear inhibition of
BuChE-catalyzed hydrolysis of the neutral ester o-nitrophen-

.2 ylacetate, are consistent with the mechanistic models pro-
.2 posed for hydrolysis of positively charged substrates. They
/ -suggest that these ligands affect the enzyme reaction scheme

/ by binding to vacant "anionic" site(s). Finally, whatever the
/ .1 intimate molecular mechanism of this inhibition, it is note-
S/// |worthy that usual and fluoride-2 BuChE exhibited similar

behavior and differed only in affinity for the inhibitors, with

0 50 1 1 fluoride-2 BuChE consistently having weaker binding.
Kinetics of Progressive Inhibition-Progressive inhibition

Dibucaine MM of usual plasma BuChE by iso-OMPA at pH 7.0 followed
Scheme I and Equations 2 and 3 (Fig. 8). The calculated
inhibition constants for usual BuChE were: Ki = 60 ± 16 AMI a and k2 = 0.53 ± 0.06 min'. These values are in accordance

V-1 UU with previously reported data (56). On the other hand, loss of
.4 activity of recombinant fluoride-2 BuChE (Fig. 9) did not

follow reaction Scheme I. Instead, inhibition could be de-
scribed by a two-exponential decay model:

e = Aekil t + (1 - A)eki11 t (Eq. 7).3

A plot of kil against iso-OMPA concentration (Fig. 8, inset,
dotted line) gave a curve which was virtually superimposable

.2 on the curve for usual plasma BuChE (Fig. 8, inset, solid line).
The inhibition constants for fluoride-2 BuChE were estimated
to be K, = 72 ± 35 Mm and k2 = 0.51 ± 0.13 min-'. Thus, the
inhibition constants by iso-OMPA for usual and fluoride-2

.• BuChE are very similar.
As regards the curved portion of Fig. 9, kill appeared to be

roughly constant whatever the iso-OMPA concentration.
When plots of log e/e, versus t, such as the plot in Fig. 9, are
curvilinear rather than linear, the curve can be interpreted as

0 50 100 a reflection of inhibition of a multiple enzyme system (57).
However, recombinant fluoride-2 BuChE is mostly a tetramer,

Dibucaine AIM arguing against multiple forms of BuChE being the source of
FIG. 6. Dixon plots for inhibition by dibucaine of BuChE- catalytic heterogeneity. Thus, the curved plot suggests the

catalyzed hydrolysis of o-nitrophenylacetate. Top, recombinant presence in the CHO culture medium of competing enzymes
fluoride-2 BuChE, rFF; bottom, purified usual plasma BuChE, UU. which consume iso-OMPA. These enzymes could be organo-
Concentrations of o-nitrophenylacetate were 0.2 mM (0, U), 0.4 mM
(A, A), and 0.6 mM (0, 0) in 0.067 M phosphate, pH 7.5, at 25 *C. All phosphate hydrolases and/or other targets of iso-OMPA such
reactions contained 5.3% methanol. Apparent K, = 30 uM for rFF, as serine enzymes. Evidence supporting the presence of sev-
and 5 MM for UU. eral serine enzymes in the CHO cell culture medium was the

observation of several ['Hjdiisopropylfluorophosphate-la-

An interesting feature is that for both enzymes, the replots beled proteins on sodium dodecyl sulfate gels (data not
of slope and intercept of Lineweaver-Burk plots versus [I] are shown). Additional support for the presence of competing
not hyperbolic (Fig. 7). As expected for nonlinear inhibition, enzymes came from the observation in Fig. 9 (dashed line)
replots are curved but they do not reach a plateau with that preincubation of the CHO cell culture medium for 1 h
increasing dibucaine concentration. Indeed, for both enzymes, with 5 mM EDTA significantly increased the inhibitory power
beyond a given dibucaine concentration (-25jMm for UU and of iso-OMPA. The EDTA might have neutralized an organo-
-75 AM for rFF) there is a decrease in 1/Vm., indicating an phosphate hydrolase or a metal protease. Another possible
"activating" effect of the inhibitor at high concentration, and explanation for the curvilinear plot, i.e. that the rate of
there is a wavelike inflexion in the slope indicating an alter- reactivation (k.1 in Scheme I) was increased in the fluoride-2
ation in the inhibition mechanism. This unexpected behavior variant, has not been ruled out.
could be interpreted in terms of binding of a second inhibitor Despite this uncertainty over the later portions of the time
molecule to a regulatory site. Such a regulatory site has not course in Fig. 9, the results from early time points show that
been firmly demonstrated for BuChE. However, several lines reactivity of recombinant fluoride-2 BuChE with iso-OMPA
of evidence argue for the existence of "peripheral" binding was similar to reactivity of the usual plasma enzyme. Pro-
site(s) on the BuChE surface whose occupation alters the gressive inhibition by eserine confirmed this conclusion (data
enzyme catalytic activity (42, 51-54). not shown). Finally, these results suggested that the reactivity

S . ............ . .. .-- • -- .•, mm m ai ma mua m iMnn
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TABLE IV
Apparent inhibition constants for positively charged inhibitors of purified usual plasma BuChE (UU) and recombinant fluoride-2 BuChE (rFF)

Kapp
Inhibitor Substrate pH' K, ratio Type of inhibition

UU 
rFF

,WM

Tacrine o-NPAb 7.5 0.0004' 0.0014 3.5 Nonlinear, competitive at
low [I]

Dibucaine o-NPA 7.5 5d 30 6 Nonlinear; noncompeti-
tive at low [I]

Succinyldicholine o-NPA 7.5 20A 125 6.25 Nonlinear, competitive at
low [I1

Amodiaquin o-NPA 7.5 25 80 3.2 Nonlinear; competitive at
low (I]

Amodiaquin BuSCW 7.0 6 16 2.66 Linear; competitive
°0.067 M phosphate, 25 *C.
b o-NPA, ortho-nitrophenylacetate.

SLiterature values for tacrine inhibition: complex inhibition of acetylcholine hydrolysis at pH 8.0 and 25 'C with competitive (K, = 0.0015
uM) at high substrate concentration and noncompetitive (K, = 0.0056 MM) at low substrate concentration (47).

'Literature value for dibucaine inhibition: K, = 2.7 gM in 0.067 M phosphate, pH 7.4, with 50 ,M benzoylcholine (48).
'Literature value for succinyldicholine inhibition: K, = 97.7 uM in 0.067 M phosphate, pH 7.4, with 50 gM benzoylcholine (49).
'BuSCh, butyrylthiocholine.
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FIG. 7. Secondary plots of data from Lineweaver-Burk FIG. 8. Progressive inhibition of purified usual plasma
plots for BuChE-catalyzed hydrolysis of o-nitrophenylacetate DuChE by iso-OMPA. The semi-lng plot shows residual activity
in the presence of various, fixed concentrations of dibucaine, toward butyryltisocholine after incubation of BuChE with 10-200
Lineweaver-Burk plots yielded intercepts for I/Vmax, and slopes for toward b nty .1thoc hosne ater i o of B CE wit 10r200
K.,/Vmax, which were plotted against dibucaine concentration. This lM tso-OMPA in 0.1 E phosphate. pH 7.0, at 25 "C, for various
plot shows that dibucaine gives nonlinear inhibition of o-nitrophen- lengths of time. Each reaction contained 0.01 lM active sites of
ylacetate hydrolysis. Dibucaine concentrations above 25 pM for UU purified usual plasma BuChE, UU. Numbers on lines are iso-OMPAand 75 MM for rFF have an activating effect. 1/Vmax,, continuous concentrations (MM). The lines were drawn by fitting the data to
carves7, spe, dashe uves. ane activtig piffedt. usual BuchEtipaol 2 Equation 2, thus yielding an apparent k, value for each iso-OMPA
curves , slope, dashed curves. Panel 1, purified usual BuChE; panel 2. concentration. Inset of Fig. 8: saturation plot of apparent phosphoryl-

ation rate constant against iso-OMPA concentration. The solid circles
(@) are apparent k, values for usual BuChE; the solid line represents

of the active site serine was not altered by the mutation Gly° a fit of apparent k, values to Equation 3 for usual plasma BuChE.
to Val. If this statement could be generalized to other fluoride- The open circles (0) are the apparent k,1 values for fluoride-2 BuChE
2 BuChE-catalyzed reactions, then the kinetic behavior dif- taken from the initial slopes of the lines in Fig. 9. The dotted line is
ferences observed between usual and fluoride-2 BuChE could a fit of these apparent kavalues to Equation 3. For usual BuChE, K
be explained in terms of K. and K,. In other words, it may be - 60 ± 16 Mm, kh - 0.53 ± 0.06 min-'

hypothesized that the mutation alters only the binding prop-
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N/
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.011

10 20 30 40 50 C

Time min FIG. 10. Three-dimensional carbon a trace of modeled hu-
man BuChE monomer. The catalytic triad amino acids (S198,FIG. 9. Progressive inhibition of recombinant fluoride-2 H438, E325) are highlighted as well as G117 whose main chain

BuChE by iso-OMPA. The semi-log plot shows residual activity nitrogen is a part of the oxyanion hole. Two amino acids important
moward butyrylthiocholine after incubation of BuChE with 10-200 for binding of the positively charged moiety of substrates and ligands
AM iso-OMPA in 0.1 M phosphate, pH 7.0, at 25 °C for various lengths are W82 and W231. W82 is hydrogen-bonded to Y440. The mutation
f time. Each reaction contained 0.003 ,iM active sites of recombinant in the fluoride-2 variant, G390V, is located on the aF helix. Amino

nluoride-2 BuChE, rFF. The curves were drawn by fitting the data to acids are numbered from the N-terminal of mature human BuChE
Equation 7. Apparent kd values calculated from the initial slopes were (43). Corresponding amino acid numbers for Torpedo AChE are S200,
ised in the inset of Fig. 8. Dashed curve: inhibition started after 1 h H440, E327, G119, W84, W233, Y442, and D392.
f preincubation with 5 mm EDTA. Numbers on curves are iso-

DMPA concentrations (jpM). For fluoride-2 BuChE, K, = 72 ± 35 pM,
k = 0.51 ± 0.13 min'. Since these hydrogen bonds stabilize the acid turn (60) on

which Glu325 is located, a weakening of these bonds may alter
erties of the enzyme active pocket. The small, apparent shifts the position and/or reactivity of His"'. Thus, the G390V
in the enzyme pK. shown in Fig. 2, which we have attributed mutation could change the relationship between Glu" and
to histidine 438 of the catalytic triad, do not appear to be His438. This view could explain the observed slight shift in
large enough to affect the rates of reaction between BuChE pKo of His"'.
and either iso-OMPA or eserine at pH 7.0. As described in Fig. 11 amino acids Trp5 , His4"', Gly'•,

Molecular Modeling-Modeling of human BuChE by Harel and Tyr"° are involved in the binding of one of the choline
?t al. (58) gave a structure superimposable on the 3-D crys- heads of succinyldicholine. A displacement of His'" could
allographic structure of Torpedo AChE. The Gly'" Val mu- move Tyr". away from Trp5 2 , with the result of a weaker
ration is located in the middle of the aF helix (Fig. 10). In an affinity for substrates and ligands. However, this hypothesis
3ttempt to explain the reduced affinity of the fluoride-2 is doubtful. It supposes significant movement of His"', which
variant, we have used the BuChE model to simulate the would imply important changes in the catalytic properties of
.nteraction of BuChE with succinyldicholine (Fig. 11) and of the mutant. These changes were not observed. The second
BuChE with dibucaine in the presence of o-nitrophenylacetate choline head of succinyldicholine interacts with Trp231 . Mo-
YFig. 12). lecular modeling provides no evidence that the orientation of

The G390V mutation induces no steric hindrances in the Trp2 "1 is changed in the mutant enzyme.
model of the fluoride-2 variant, and there is no indication A second hypothesis to explain the low affinity of this
,hat it could affect either folding or stability of the variant, mutant suggests that the G390V mutation weakens the inter-
Nevertheless, as Gly'" faces the catalytic triad of BuChE, we action between Asp7' and TyrW"2 and alters the transducer
3ropose the following hypotheses to link the biochemical and function of these amino acids. The G390V mutation could
itructural properties of this mutant. change the hydrogen bond network around Thr"27 and thus

The G390V mutation could affect the position of Glu.2. of change the beginning of the aF'l helix on which are located
;he catalytic triad, if one assumes that BuChE and Torpedo Ala"•, Phe'", and Tyr"l2. In Torpedo and electric eel AChE,
,ChE do not have the same packing. Solvent isotope effect the amino acids in equivalent positions (Phe"", Phe'", and
)n kinetics and proton inventory suggest that this glutamate, Tyrm) are assumed to play an important role in the binding
*ather than participating in a charge relay system, may sta- of substrate and ligand (19, 61).
filize histidine during catalysis (59). As shown in Fig 1 la, the Ala"', Phe3 ", and Tyr332 appear to be more than 5 A from
"1390V mutation could perturb hydrogen bonds between the the Trp52 aromatic cluster and the substrate choline head. It
)xygen 0 on the peptide bond carbonyl of Asp"'" and the could nevertheless be supposed that displacement of the aF'l
iydroxyl group OG2 of Thr1 7, and also between the same helix could affect Tyr' which is hydrogen-bonded to Asp7'
kasp"2 oxygen atom and NH in the peptide bond of His438. in the gorge surface 10 A distant from the Trp82 aromatic

M , AVAA TO D= WW" I
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WP ASPmI

0&1

Fic. 1 1. Stereo view of sucinyldicholine in the active site gorge of modeled human BuChE. a, clos-up view of the G390V
mutation and its relation to the active site. One choline head of succinyldicholine interacts with Trp5 2, with the peptide bond carbonyl of
Gly4'•, and with the peptide bond carbonyl of His 4•'. Trp52 is hydrogen-bonded to Tyr440. The presence of Leu2• and Val2• in human BuChE
in place of Phe2• and Phe2• in Torpedo AChE reduces steric constraints in the BuChE active site gorge and allows a weak (4 A) cation-
aromatic interaction between the second choline head and Trp2~'. The two carbonyls of succinic acid are hydrogen-bonded to NH in the
peptide bonds of Gly" and Gly" . These carbonyls form a solid angle of °. Tecboy sucptil to n ophi attack by Seiwhs•

1nW Num2r MEh I nTW 2M

been placed in a tetragonal conformation at 1.6 A/ from OG2 of Seriw Nnh. under ~'" are distances expressed in Angstroms. b,
photograph. Amino acids are colored according to their type: acidic, red; basic, blue; aromatic, magenta; aliphatic, yellow; and green for other
residues. Succinyldicholine is dark yellow. The Connolly's surface of the enzyme is represented by red points to a 1.6 A probe sphere, while
the Van der Waals surface of succinyvdicholine is green.

binding site. It should be remembered that mutation of Asp 70 does not allow a clear understanding of the properties of the
to Gly in human BuChE determines the "atypical" variant fluoride-2 variant, crystallization of human BuChE is under-

(62). People carrying the Asp 7 °' Gly mutation experience hy- way.
persensitivity to succinyldicholine because of reduced affinity

for this drug (4, 6). As suggested from site-directed mutagen- DISCUSSION
esis of human AChE (63), these two amino acids (Tyrma4 and The purpose of this work was to investigate the effect of

Asp74 in human AChE) could be involved in signal tranaduc- the point mutation GlyTM to Val on the kinetic properties of
tion of substrate-induced conformational changes following BuChE. This point mutation is naturally present in the
initial binding to the cholinesterase active surface. Thus, fluoride-2 variant of human BuChE, and it g presence is as-
displacement of the beginning of helix aF'T could affect the sociated with an abnormal response to succinyldicholine (re-
conformational plasticity of amino acids involved in the bind- viewed in Ref. 6).

dig process (Fig. 11). Dislocation of the interaction between The fluoride number and dibucaine number (percent inhi-
Asp7( and TyrP2 and weakening of the signal transduction bition of benzoywcholine hydrolysis by 50 MM NaF or 50 aM
mechanism could explain the reduced affinity of the fluoride- dibucaine) of the recombinant fluoride-2 BuChE were 36 and
2 variant for charged substrates and ligands. As modeling 66, respectively. These values are in agreement with fluoride

con ooAUaA3XZ TO f aminiT a n i n ie inLY Ref I 6)
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Ftc;. 12. Phiotograph showing o-nitrophenylacetate and dibucaine in the active site gorge. Substrate and ligand are dark y.ellow.
The Connollv' 's surface of hut "Nr *lcholinesterase is represented by dark blue points to a 1.6-A probe sphere. The Van der Waals suriface of
dibticaine is red and that of o- nit rophenvylacet ate is preen. Modeling clearly shows that the BuChE active site gorge can accommodate o-

nitropc'vlac'tteand dibticainie sicult aneouslY. -. Nit rophenviacetate is modeled at I. 6A from Ser"': its nit ro group is hydrogen-honded
To pritonatid (;II'c . The- initial extended conformation of o-nit rophc-nvlacetate was not changed during the refinement process. The aromatic
ring ol clibtitam int t eraits with Trp- . its piro itnat ed t erfia r amline grounp with Trp'- and its t-arlii n\v with GI 1 y"- and (ily"' amides. In the
presenc (cit P-niri phenv lacet (e t hese interact io ns a re nit opt imalI. The dibtic 'iine mo lecule rot ateCs about 20) and the only significant
interaction is with rrp-

numtbeiirs of 314 3-7 and diblcaint- numbers of 64 -6S for the binding affinity" of' Hu( hE suggested two hyplotheses. One
three puiblishe'd homiozygous fluoride p~lasnma samples (64 66)i. hypothesis is that the mutation exerts an indirect effect on
This indicates that the kinetic behavior ol the recoimbinant the posit ion of' ('.ul -. which in turn slightly alters the pK, of
enz , nte is not dep~endetnt oitl 1)1 st tranislational modifications. H is' -. The alt ered posit ion of' Glu could induce displace-
such as glvcos ' lat ion, that occturred in ('HO cells. Noi itther nIent of Tvr" which is hydrogen bonded to Trp'- A second.
co mparisoins are posiblelbecause no oither kinetic' data fo r more likelY. hypot hesis is that the mnitiat ion alters the begin-
the fliuoride variants c if lilasmna BuCc hE have been published. ning cfit elix oF' I which in turn coculd disloccate the hydrogen

'Il( erted recombinant tiuc ride- 2 Hut hE acquired proc- bond betwe Asp 'anid Tyr . This mywae h idn
teulvtiit nicks, dutring stoirage of serum~ ree cultutre miedium. of charged suibstrates anid reduce signal transdluction t'apahil-

Thee riaeclytitnics idnorc appear-to affect kinetic'panacn . it x. T1hese tentative explanations f'roni molecular modeling
et ers.-A similar conclutsio n regarding the uinimltcrt amce of need to bre verified hYx-ray- analysis of' the HuChE crystal
liroteilyt it- nicks was miade bY C'allert (it . W71 wsltc deter- str~cicttre.
mined that fthe t rvpsin-generated monomer of horse serumn As regard,, the quest ion of' hvpersensit ivitv tco succinyldi-
Hu( 'h behaved with idecntical kinetic- parameter valutes as chicline. one can -alculate that after intravenous inject ion of'
the native tet ra mc'ni enzvnte. Our results are fon the let ra - a (-linical dose of' sciccinyl vdicholin e,( niig/kgi. the initial
mne rit fi cmi of retccmb in ant ti uutride -2 Hi ( hE. si nc-e dest it e plasmna c-cuncent rat ion io f' succ in 'vldic hi li ne is c lose tot 20 nig

pro teuolysis nmiost ci t ti1w re-comlihinant Buhti'b was a t et ramier. lit en. t hat is !')o pi 1iI6A). Since the apparent K of fluoride-2
Th kinetic- dat a we report show that the G( 1v to I;t Hu(li foEtr this cccmpouind is 125 ~iM TIable IV), the rate ofit

Tehydrrolysis, ci't stcc-jnivldichcilinte liv this v-ariant should he slowmuttat ii n did no t dram atit-ally c-han ge t hc behav io r c f the the lite contentito ofth'nue rlx tisnte
en/zvine. Alt hocigh the pK. of' the flcccmide-2 Hu( hE w~as hriclg aneTustelo afntyo'loid-
slight lY lotwer t han t hc p K o f thi' usuial p Ia scita Buht c I. t hc' ll na- e gcrne bu. eI wafit tvo lutie-

- H~~~u( hE fir sucicinvldichi dine coculd explain the mocderate sucn-
reactivity\ it t'luiridc'-2 Bii(hE with Iihc irrceversiblec cirganic- 't-lihii
phiosphate inhibitocr isci-OM PA was simiila r tic that ofit usual - i'hypc'rsensit ivit v of peolile c-arrv\ing this variant -

HiiChE. suggesting t hat catalytic- act ivitv iif tcstial and fluic- Atki ,O'ii i-dii~riicii We' thantk Drn. -1. Stcssmccn and Drn. M. Hanel
ride 2 I~ii ( h did notc diff'er miarked lv. In flact. t he ctnlY t (Wi-mannc Inst itut titt S-ccc iec'cc. c-ho\i. cIi srae'li for thi' cooirdi nat es
signiftic-ant diftc'rentc-cs lietwi'en tiusiualI a nd ticcciridi--2 Ruht('I ,I cth lt- hr ni'-cicii~i- oic 1 st riic-t cri' iTt. ,a(ltfoirnti-o A( h and for the
c-conc-e'rne'd t heir K_. K . antid . c-eficc'fit-en t c f mnixed -t ltc itt i- c-c ru cm ccinii, i-tct theic-r himinc cclotith F mi dt-I Ex prissio n plasm id pD.
biticin f'or diiuc-airic inhibit ioni cit c-nitrccphen'nvllut 'tvraitc -lv- %%as a gift frito Dr. K. lierkoir, /Aniiit;enetics. Spw~ile, WA.
dril 'vsis,. Rat ios cif these' apparent parametcters tluctttiatc'd lit- RI
twe'cn I.5 and 6 depc'nditig tin the' stubstrate' and inchibcitoir It \pK-cc. M .K" c, M . K t . Bartel. C F - Li t11c. I1 A nd)
natulre. This indicated that thi' tluciridi'-2 Hui(hE liciuud nc-ic- L-krd- () iti-v-o 0' tm 29~. 1 ' 1
tral and charged stilistratl's atnd ligatids le'ss tight l\ thanl th 2hclbrd . PI1, , c;.minu~r. It A IR c. iluttrai1. it.- I.kridz'.- 0i. tLc li. IR

jstjial -Ii( hK J-. ;mgf-u 11), t; t'id If . Pi'nudI,. .1 . irmtc I and traig.. S 1 11411 i -uý

Moilecu~lar ntodeiling to uinderstatnd t hi' mole'c'ular hasi cit I-- 1..! gt.. -1,.1

thi' re'mote effect ci thc' (,I,% - tic V'al nintaticn uipon the-, LId ticI it r i-f F . \-,cmi-cn. ( '.- Arliagiý.:i- MI . aint~l ckridgi-.
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